Introduction
The measurement of open quantum systems has been of general interest since the beginnings of quantum mechanics [1] . This is a basic ingredient of quantum information processing, which has become of interest in connection with quantum computing [2] . Mesoscopic quantum dots have been a particular example in which quantum interference plays a significant role in the measured transport properties [3] . Open quantum dots offer unique information as they correspond to a mixed classical phase space [4] wherein some of the quantum states couple to the outside environment through the dot's confining constrictions and are therefore heavily decohered. Other states within the cavity, known as pointer states, remain robust as they do not couple out of the dot [5, 6] . Previously these states could only be investigated using external measurements [7, 8] . However, the recent advent of scanning gate microscopy (SGM) [9] has allowed the probing of quantum structures within constrictions by rastering a biased AFM tip over the area of interest while concurrently mapping the resulting variations in conductance. This technique has been applied to investigate the quantum Hall edge states and localized regions of quantum point contacts (QPC) [10] [11] [12] as well as the classical and quantum behaviors within quantum dots in a GaAs/AlGaAs heterojunction material [13, 14] .
Previous attempts to image the scarring functions have not yielded clear images, perhaps due to the larger effective mass of GaAs, more disorder in the samples, higher perturbation level used or larger dot size [13, 14] . Here, we present what we believe to be definitive measurement of pointer state scars in a quantum dot in InAs. The use of InAs, with its higher g-factor, and therefore more pronounced response to magnetic field, is coupled to a smaller dot geometry and lower perturbation applied from the tip. We discuss the images of two different scarring states which are periodic in magnetic field as expected from earlier considerations [15] , and discuss their connection with expected quantum structures in these open quantum dots.
Experimental details
In figure 1 , an AFM image of the sample is shown. The device was grown on a semi-insulating GaAs substrate. The heterostructure consists of a 1.5 μm strain relaxed Al 0.7 Ga 0.3 Sb layer, a 12 nm thick InAs quantum well transport layer, an In 0.2 Al 0.8 Sb confinement layer in which Tellurium was used as a delta dopant, and a 2 nm InAs cap layer used to passivate the wafer. Electron beam lithography (EBL) was used to write the quantum dot pattern, which designates the dot area as well as defining the dot openings via in-plane etched quantum point contacts (QPC). The in-plane QPCs are used to avoid having surface metal which will interfere with the scanning gate tip [10] [11] [12] 14] . The dot was designed to be 1.1 μm × 1.1 μm inner dimensions and the QPCs on either side have 600 nm openings and 100 nm lengths. The dot resides in a Hall bar sample and contact to the InAs transport layer is made along the perimeter of the Hall bar contact arms where the metal coats the sidewall. The completed sample was then pasted to the SGM sample stage and bonded using a Au ball bonder. To insulate the sample from the SGM tip a thin layer of PMMA is spun onto the sample, and baked before the sample is loaded into the system. The total distance from the PMMA surface to the transport layer is 40 nm.
The sample is then mounted in a He3 cryostat and scanned with an Omicron low temperature AFM, in which the latter tip is metalized using PtIr so that a negative DC bias can be applied to create the perturbation. The entire cryostat is isolated on three Minus K vibration isolation tables. Magnetic fields perpendicular to the electron flow in the sample are provided by a super-conducting magnet in the dewar capable of continuous fields up to ±8 T. All measurements are carried out at 280 mK using lock-in amplifier bias and measurement under constant current conditions, and sample conductance is monitored in a four terminal configuration. From Shubnikovde Haas measurements, the density is 1.5 × 10 12 cm −2 and the mobility is estimated to be 65 000 cm 2 V −1 s −1 from another sample from the same wafer.
SGM uses the biased tip to raster, at a constant lift height above the sample surface, and acts as a local perturbation. The bias from the tip lifts the local Fermi energy, thus depleting the electron density beneath the tip. As the tip comes to areas of high electron density, it produces a large effect on the conductance. In contrast, in areas of low electron density, low change in conductance is recorded. At each point, as the tip is rastered, this change in the conductance through the device, as a result of the perturbation at that point, is measured and recorded. From this, a two-dimensional image of the change in conductance is generated. Figure 1 has an overlay defining the range over which the SGM image is formed. This area lies entirely within the quantum dot, and defines a scan area of 864 × 576 nm 2 . Images are formed using a lift height of 100 nm from the PMMA surface and a tip bias of −0.4 V. The tip lift and bias conditions resulted in a small perturbation, causing changes in conductance below 0.
2 / h) throughout the scan.
Results and discussion
It has been found that the existence of pointer states leads to quasi-periodic magnetoconductance oscillations that exhibit Fano line shapes [16] . These appear at magnetic fields below that for which a cyclotron orbit can fit entirely within the dot. This requirement ensures that the trajectory of an electron flowing through the device must come into contact with the hard walls of the dot and resonate within the dot before finally coupling to one of the leads. In figure 2(a) , we plot the magnetoconductance of the dot in the range ±0.3 T, the lower limit of magnetic field for which the foregoing constraint holds. The background is removed from this magnetoconductance, and the autocorrelation function, in magnetic field, of the fluctuations is performed, as shown in figure 2(b) . Here, there are repetitive oscillations, rather than a single simple decay, and this is indicative of the correlated behavior of recurring scars [17] . The Fourier transform of the autocorrelation function is shown in figure 3 . There are two major peaks, at 10.6T −1 and 13.6T −1 , which are thought to be indicative of the major recurring scars [7] .
A family of images for varying magnetic field up to 300 mT was taken. These images were taken every 10 mT. Each image is a result of 120 raster scans (which are horizontal rows, discussed below) across the image area, designated in figure 1 . By comparing signals between line scans, we estimate that the SGM resolution is in the 5-10 nm range. A typical scan, at 200 mT, is shown as the inset to figure 3. Features within the scan are masked by the background. To try to remove this masking the 0 T scan image was subtracted from each of the other images to show features that are functions of both the biased tip perturbation as well as change in magnetic field. A clear evolution of patterns then begins to appear in the images. From these, we highlight two such patterns which correlate with the magnetic frequencies in the autocorrelation function. In figure 4(a) , two images of the raster line scans as a function of magnetic field are shown. Here, the rows indicate which of the 120 row scans is used, and the position is approximately indicated in figure 1. It is clear that a periodic structure in magnetic field is beginning to be observable. Structures which appear to be periodic in magnetic field are circled for ease of identification. The particular feature in (a) appears to have a period near 10T −1 . Similarly, in figure 4(b), two images of the raster line scans as a function of magnetic field are shown, which appear to have a periodic structure near 13.6T −1 . As a consequence of the observations in figure 4 , the Fourier transform, with respect to magnetic field, was performed for the entire set of images. Since the magnetoconductance through the sample was symmetric in B as seen in figure 2(a) , a cosine transform was used, since the sine component of the Fourier transform would cancel out in summation. The cosine function incorporates a phase shift appropriate to magnetic fields which exhibited peaks in the row analysis. The equation for the transform becomes:
where I (B) is the image at each magnetic field, ω is the frequency (2π f ) where f is the magnetic frequency, and ϕ is the shift in phase to align the function to a known peak in B.
The frequency and the relative phase shift were adjusted to find the best response, although the range of magnetic frequencies was focused upon the peaks occurring in figure 3 . From this, it was found that there was a single resulting magnetic frequency that gave a higher overall meaningful picture of the periodic scar structure. These images occurred at frequencies of 9.6 and 13.6T −1 , in strong correlation to the peaks exhibited in figures 3 and 4.
It was found that one strong scar in the transform occurred at a magnetic frequency of 9.6T −1 , and this image is shown in figure 5 (a). To compare with this, we have performed simulations of the actual quantum dot, using a iterative solution to the Lippmann-Schwinger equation [18] . As the simulations are done at 0 K, the magnetoconductance trace was smoothed, and a Fourier transform indicated a dominant peak near that found in experiment. In addition, the dot simulated was made slightly asymmetric to gain better agreement with the experiment. In figure 5(b) , we plot one of the scars found in this simulation. This scar occurs near a magnetic field for which figure 4(a) has a peak. While there is not an exact match, the image in figure 5(a) clearly seems to form part of the diamond structure found in the simulation. It is difficult to exactly align the experimental structure with the theoretical one, it seems to be the case that the diamond like structure in the bottom of figure 5(a) corresponds to the diamond like scar in the bottom of figure 5(b) . In a symmetric dot, the diamond shape would be fully replicated in the upper half. This type of state is usually found with a vortex state embedded within the diamond [19, 20] , in which the vortex is defined by the line integral of momentum around a closed contour (here a circle). Classically, this integral vanishes, but it is quantized in units of nh quantum mechanically [20] . Hence, this circulating current creates a quantized magnetic dipole which interacts self-consistently with the dot. It is not clear here, whether the image in figure 5(a) is of the scar or the enclosed vortex state.
A second magnetic periodicity and image was found at 13.6T −1 , and this image is shown in figure 6 (a). It is clear that this image is quite different from that in figure 5(a) . In figure 6 (b), we plot a recurring scar that is found near a peak shown in figure 4(b) , and bearing a strong resemblance to the image. The agreement seems to be fairly good, but we find in the simulation that disorder strongly disrupts these images. In addition, we find by simulating the scanning tip, that the tip bias can also distort the images, as presumed above. Hence, it is quite exciting to find scars that bear strong resemblance to the actual data produced from the experiment. An interesting aspect of the use of the Fourier transform in magnetic field is the connotation this has for quantum physics. The magnetic field generally produces a diamagnetic shift of the energies which pushes states upward through the Fermi level, thus depopulating them. The fact that the scar recurs in an entire set of states, for the same bias conditions, suggests that this scar state is imprinted in an entire family of propagating states of the dot, or that the robust state at the Fermi level has an entire set of daughter states within the other occupied states of the dot. We have previously connected this behavior to the concept of quantum Darwinism [21] , so that this work can also give new insight into this phenomenon by observing its effect in an experimental system. In summary, we have used SGM techniques to image scar structures in an open quantum dot and have shown that these have a periodicity in magnetic field that correlates to that found in the conductance fluctuations. We should remark that these scars are similar in nature to those found in classical microwave cavity experiments [22] , at least within the current understanding of the decoherence theory of quantum physics. Simulations have shown that these magnetic transform images bear a strong resemblance to actual scars found in the dots.
